This investigation was designed to assess the potential use of laser coronary angioplasty as an intraoperative adjunct in the surgical treatment of ischemic heart disease. Among 17 postmortem hearts, simulated laser coronary angioplasty was performed at 53 sites with a No. 4F guiding catheter and 240 gttm (200 gm core) quartz optical fiber. Perforation complicated laser coronary angioplasty in 33 (62%) of the 53 attempts. Most (n = 29) perforations were thermal; four were purely mechanical. Perforation sites were characterized by extensive calcific deposits (21 of 33 cases [64%]) and the origin of a side branch (13 of 33 [39%]). Excessive tortuosity of the extramural coronary artery contributed to arterial perforation in four cases, and precluded attempts to perform laser coronary angioplasty in two other cases. In 19 of the 53 attempts to perform laser coronary angioplasty, a high-frequency twodimensional echocardiographic probe was used to image the coronary artery during antegrade manipulation of the optical fiber/guiding catheter and laser irradiation of the target arterial stenosis. Although perforation nevertheless occurred in 11 (58%) of 19 sites, only one mechanical perforation resulted; the remaining 10 were thermal. Characteristics of the perforation sites in this group were similar to those noted for the group as a whole. Experience with this model of laser coronary angioplasty indicates that even when access problems associated with percutaneous laser coronary angioplasty are obviated by a simulated intraoperative approach, perforation of the underlying coronary arterial wall continues to represent the "rate-limiting" complication of laser coronary angioplasty. Most perforations occurred in relation to calcific deposits, branch points, and tortuous coronary segments. Experience with highfrequency two-dimensional ultrasonic imaging during laser coronary angioplasty suggests that this technique is a potentially useful and realistic means of reducing and/or eliminating mechanical perforations in the intraoperative setting.
symptoms refractory to antianginal drugs are also refractory to balloon angioplasty and/or coronary artery bypass surgery. Two such groups include those in whom poor distal run-off precludes successful bypass surgery and those in whom progressive narrowing of both bypass conduits and native arteries has exhausted conventional medical and surgical options.
This investigation was designed to assess the potential use of laser coronary angioplasty as an intraoperative adjunct in the surgical treatment of coronary heart disease. This study had two specific aims: (1) to determine whether the intact postmortem human heart is a suitable model for the development of a laser coronary angioplasty system and (2) to use this model to clarify factors contributing to perforation during laser coronary angioplasty. ISNER et al.
Methods
Intact human hearts, obtained at postmortem examination performed an average of 9.2 hr after death, were used. The only selection criterion was evidence during life of coronary heart disease.
The specimens were studied as follows. Each coronary ostium was selectively cannulated with either a modified angiographic catheter or a balloon flow-directed catheter. Selective postmortem (prelaser) arteriograms were then obtained in two oblique projections, either during balloon occlusion of the coronary sinus or roentgenographic recording timed to the injection of contrast media. Injectate for the prelaser arteriogram consisted of either 25% diatrizoate sodium (Hypaque) or meglumine diatrizoate (Renografin-76).
Simulated intraoperative laser coronary angioplasty was then performed with a No. 4F guiding catheter and 240 gtm (200 jum core) quartz optical fiber. The cladding was stripped from the distal 2 cm of the optical fiber. A Toohey-Borst adaptor at the proximal end of the catheter was used to position the tip of the optical fiber in relation to the tip of the guiding catheter. The optical fiber/guiding catheter was then advanced into the extramural coronary artery as illustrated in figure 1 . In eight (47%) of 17 cases, antegrade manipulation of the optical fiber/guiding catheter was facilitated by means of a high-frequency twodimensional epicardial echocardiographic probe (Biosound Surgiscan)s 9; this 12 MHz ultrasound probe was also used to image the coronary artery at the site (and time) of laser irradiation. The laser used in every case was a 20 W argon ion gas laser (Innova Model, Coherent, Inc., Palo Alto, CA). The energy profile consisted of 1.0 to 3.0 W power, delivered intermittently in 2 to 5 sec bursts, with cumulative exposure times of 15 sec to 3.5 min. The coronary artery was continuously perfused with saline through the side-port of the T e c h n q u e : < FIGURE 1. Technique used in this investigation for simulated intraoperative laser coronary angioplasty. A, The tip of the optical fiber is flush with the tip of the guiding catheter as both are advanced in an antegrade fashion from the coronary ostia through the coronary artery lumen. B, Advancement of the optical fiber/guiding catheter is discontinued at the site of an atherosclerotic lesion. C. The optical fiber/guiding catheter is withdrawn slightly so that it is now proximal to the lesion. D, The tip of the optical fiber is advanced out of the catheter and then locked in place. E. Administration of laser irradiation is initiated, and as vaporization of the atherosclerotic lesion is accomplished, the optical fiber/guiding catheter traverses the previously stenotic site (F).
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both antegrade transmission of the optical fiber/guiding catheter and administration of argon laser irradiation. This saline perfusate distended the coronary arteries during manual antegrade catheter movement, obviating spurious mechanical perforation of the vessel wall caused by vessel wall collapse. and prevented accumulation of debris at the tip of the optical fiber/guiding catheter during laser irradiation. Laser irradiation was discontinued when any of the following were recognized: continued, unimpeded antegrade advancement of the optical fiber/guiding catheter past the laser-irradiated target stenosis; high-frequency two-dimensional echocardiographic evidence of improved luminal patency; or thermal perforation. If the postmortem, prelaser angiogram indicated additional stenoses (50% luminal narrowing), the optical fiber was repositioned proximal to the tip of the guiding catheter, and the optical fiber/guiding catheter was then readvanced to the site of the next stenosis by the technique illustrated in figure 1 .
After completion of simulated intraoperative laser coronary angioplasty, postmortem, postlaser arteriograms were obtained in at least two oblique projections with use of either Renografin-76 or a barium-sulfate gel.
The coronary arteries were then prepared for histologic examination as described elsewhere.`Briefly, each coronary artery was decalcified in a solution of 10% formic acid and formalin (Decalcifier I, Surgipath) if necessary, fixed overnight in 10% buffered formalin, and then cut transversely in 5 mm long segments. Representative segments were then dehydrated in graded alcohols, cleared with xylene, impregnated with and then embedded in paraffin, and finally cut into 4 ,um thick sections. Sections stained with Richardson's combination elastic-tissue/trichrome stain1' as well as sections stained with hematoxylin and eosin were prepared from each 5 mm segment. Histologic sections prepared from the coronary arteries in each case were reviewed by light microscopy.
Results
The results are summarized in table 1. Seventeen hearts obtained at necropsy from nine men and eight women, ages 44 to 82 years (mean 64.3) were used. Simulated intraoperative laser coronary angioplasty was performed less than 30 hr after death at a total of 53 sites in the 17 specimens.
In 18 of 53 attempts, the right coronary artery (RCA) was the site of attempted laser angioplasty. Perforation (figure 2) complicated the attempted an- In 23 cases the left anterior descending coronary artery (LAD) was the site of attempted laser angioplasty. Perforation occurred in 1 1 (48%) of the 23; all FIGURE 3. Postmortem roentgenogram of excised coronary arteries after attempted laser coronary angioplasty at three separate sites. A perforation (indicated by pin) occurred as the result of attempted angioplasty at each site. Calcific deposits are found at site of each perforation.
Vol. 72 (suppl 11), September 1985 LAD perforations were thermal perforations. In nine cases the perforation site was heavily calcified, and in nine cases the perforation involved a branch point (figure 5). In one case, laser angioplasty was attempted in the diagonal branch of the LAD and resulted in a thermal perforation unrelated to calcific deposits or anatomic peculiarities.
In 1 1 cases the left circumflex (LC) or major left obtuse marginal (LOM) branch of the LC was the site of attempted laser angioplasty. Perforations occurred in eight (73%) of 11 cases, including six thermal and two mechanical perforations. Calcific deposits were observed at the sites of four of the six thermal perforations. Two of the thermal perforations involved branch points as did one of the two mechanical perforations. In two cases excessive tortuosity of the LC/LOM contributed to mechanical perforation, and in one case excessive tortuosity of the LOM prevented attempts at laser coronary angioplasty ( figure 4 ).
In all, perforation complicated laser coronary angioplasty in 33 (62%) of 53 cases. Most (n -29) perforations were thermal; four were purely mechanical. Perforation sites were characterized by extensive calcific deposits (21 of 33 cases [64%1) and the origin of a side branch (13 of 33 [39%]). Excessive tortuosity of the extramural coronary artery contributed to arterial perforation in four cases and in two other cases precluded attempts to perform laser angioplasty.
In 19 of the 53 attempts to perform laser angioplasty a high-frequency two-dimensional echocardiographic probe was used to image the coronary artery (five (table 2) , only one mechanical perforation (of the LC) resulted; the remaining 10 were thermal. Characteristics of the perforation sites in this subgroup were similar to those noted for the group as a whole: six (55%) of the 1 1 perforation sites contained extensive calcific deposits, and five (45%) of the 1 1 involved branch points.
Discussion
That laser irradiation is capable of achieving improved luminal patency in even the most severely narrowed and diffusely diseased arteries is no longer a matter of controversy. Work in vitro by Macruz et however, have indicated that laser angioplasty is presently complicated by an unacceptable incidence of arterial perforation.
A number of animal preparations have been proposed and/or used to investigate potential modifications in laser angioplasty delivery systems that might be expected to diminish the risk of arterial perforation. Canine5 and nonhuman primate'6 preparations involve considerable time and difficulty in establishing atherosclerotic lesions that constitute true stenoses. Atherosclerotic lesions may be more readily induced in swine,'7 but the use of these animals poses occasional logistic and technical difficulties.
The atherosclerotic rabbit preparation has been widely used, and with good reason. The animals are accessible and inexpensive; most important, atherosclerotic stenoses can be cultivated in as little as 4 to 6 weeks after institution of an atherogenic diet with or without intravascular endothelial denudation. '8 19 More recently, Watanabe2t' has identified a strain of rabbits that develop atherosclerotic stenoses spontaneously. Rabbits, too, however, possess certain liabilities that make them a suboptimal experimental preparation for evaluation of laser coronary angioplasty. First, the atherosclerotic lesions in rabbits are typically foam cell lesions, composed in large part of lipid-laden smooth muscle cells and macrophages.21 In contrast, the typical human atherosclerotic "complex" plaque consists principally of collagen with or without calcific deposits; lipids, generally extracellular, represent a minor feature of most plaques.22 The interaction between a specific laser-generated wavelength of light and the predominantly foam cell lesion of the rabbit cannot necessarily be extrapolated to the interaction between laser wavelength and the predominantly fibrous lesion of humans.
Second, the coronary arterial wall underlying the atherosclerotic lesion in humans is altered to a much greater degree than in the rabbit. In contrast to the rabbit, human coronary arterial segments with ad- Vol. 72 (suppl II), September. 1985 vanced atherosclerosis typically exhibit medial attenuation, i.e., extensive loss of medial smooth muscle cells.23, 24 Such thinning of the mediathe principal component of the normal human coronary arterial wall in humans results in a limited margin for error between the target of vaporization (i.e., plaque) and the underlying arterial wall.
Third, the rabbit preparation for the evaluation of experimental angioplasty uses the aorta and lowerextremity branch vessels.'8 19 Unfortunately, the anatomy of this circulation fails to reproduce the challenge presented by the coronary circulation due to acute angulation at the origin of the two main coronary arteries, multiple branch points, and excessive tortuosities.
Abela et al. 25 have transplanted human atherosclerotic coronary segments to the femoral artery of dogs in an attempt to create a target stenosis qualitatively similar to human plaque. Although this preparation represents a highly innovative means of preserving a qualitatively similar plaque, it underestimates the technical difficulties involved in manipulating an optical fiber/guiding catheter through the human coronary vasculature.
The postmortem model described in this investigation is similar to those used by previous investigators for the evaluation of balloon angioplasty26-28 and more recently for laser angioplasty.5 Our results have confirmed the suitability of this model for evaluating the short-term consequences of laser coronary angioplasty. Advantages of this model include similarity of plaque composition (in particular, the extent of collagen and calcific deposits), similarity of coronary wall anatomy (in particular the extent of medial thinning), and similarity of topology with regard to branch points and tortuosities. This model thus provides a more realistic assessment than do most animal preparations of the challenges involved in human laser coronary angioplasty. Experience with the model described in this investigation has indicated that even when access problems associated with percutaneous laser angioplasty are ob viated by simulated intraoperative laser coronary angioplasty, perforation of the underlying coronary arterial wall continues to represent the "rate-limiting" complication of laser angioplasty. In this particular model, most perforations occurred in relation to calpatients during cific deposits and branch points and to a lesser extent to in involving the tortuous segments of the extramural coronary arteries. ntl, illustrated in Our interpretation of the manner in which these fac- Long-axis high-resolution ultrasound images of a coronary artery in a human heart recorded during postmortem laser coronary angioplasty. A, Image of coronary artery walls (W) and lumen (L) and an echo-dense atherosclerotic plaque (P). B, The guiding catheter (GC) and the optical fiber (F) are visualized. The optical fiber is seen advancing toward the plaque. C, The optical fiber engages the plaque. D, As laser irradiation is initiated, a small cloud of echoes appears at the site of contact. E, As laser irradiation continues, a larger and brighter cloud of echoes appears. F, Image recorded after initial laser angioplasty attempt. The guiding catheter and optical fiber have been withdrawn. The plaque still persists after this first attempt. points and tortuous coronary segments, present in this series in over 40% of perforation sites, lead to mechanical perforations when they cause the optical fiber/guiding catheter not to be coaxial with the artery. When a branch point is the site of an atherosclerotic lesion, the lesion may cause the fiberoptic or optical fiber/guiding catheter to be deflected away from the coronary lumen and into the coronary arterial wall (figure 7, 1) . Branch-point atherosclerotic lesions may also predispose to thermal perforations if the optical fiber penetrates the lesion via a "track" that preferentially leads to the branch-point vertex rather than either of the two intersecting coronary lumens.
Plaque composition also appears to represent an important determinant of the potential for perforation. Nearly one-third of all the perforations observed occurred at sites of heavy calcific deposits. Analysis of both the postmortem radiographs and histologic sections of laser-perforated coronary arteries in this series suggested that during laser irradiation, the optical fiber preferentially "tracks away" from the calcified, severely fibrotic portions of the plaque and burrows through the plaque along the path of least resistance (figure 7, II). Such a path of least resistance may promote eccentric fiber penetration of the plaque into the adventitia. AIn one other case, excessive tortuosity precluded attempts at laser coronary angioplasty altogether. Eccentric lumens represent a third factor predisposing to both mechanical and thermal perforations. When atherosclerotic lesions result in 75% reduction in cross-sectional area, the residual lumen is most often eccentric in location.29 30 Eccentric lumens, particularly those that are slitlike and adjacent to nonatherosclerotic, nonattenuated, highly absorbent (red) media appear to contribute to perforations by offering a path of "no resistance" (figure 7, III).
Most perforations in the present series were thermal rather than mechanical. This experience is similar to that with balloon angioplasty, percutaneous as well as intraoperative,3' in which mechanical perforation during manipulation of the guiding catheter is rare.
Conceivably, the incidence of mechanical perforations could be further reduced by using a low-profile guidewire, similar to that originally developed by Simpson et al. for balloon angioplasty. We are now using this method to facilitate manipulation of the guiding catheter to the target lesion; the catheter is then withdrawn and replaced with the optical fiber. As a means of diminishing the incidence of thermal perforations, Ginsburg et al.'2 have advocated first crossing Vol. 72 (suppl II), September 1985 the target stenosis with the fiberoptic (but with the laser turned off) and then applying laser irradiation to the stenotic lesions during pullback through the stenosis. We have not found this approach to be useful in this simulated intraoperative model. First, mechanical perforations are not eliminated by this technique (even a 100 gm optical fiber is more inflexible than a 0.014 or 0.016 guidewire). More important, laser irradiation applied during pullback of the optical fiber implies optimal use of the power along the divergent wings of the laser light beam. Since most of the power is directed straight ahead, increasing power to achieve adequate power in the "wings" may result in excessive power in the straight-ahead portion of the beam. If the augmented "straight-arrow" laser emission impacts on a tortuous or simply curved distal portion of the artery, perforation at that distal site may be the result.
Experience with the high-frequency two-dimensional 12 MHz probe in this postmortem model suggests that ultrasonic imaging is a potentially useful and realistic means of producing extravascular images during intraoperative coronary angioplasty. Sahn et al.8 used an earlier prototype 9 MHz electronically focused scanner to study human coronary arteries in patients undergoing bypass surgery and reported a close correlation (r = .91) between ultrasonic and preoperative angiographic estimates of the severity of coronary stenoses. Our experience with the 12 MHz version of Sahn's original prototype is still too limited to establish whether this probe can be used reliably to determine at which point an adequate angioplasty has been accomplished. Likewise, inasmuch as the incidence of thermal perforations was similar with or without the probe, experience is still too limited to judge the ultimate utility of this device in avoiding thermal perforations. The preliminary experience reported here, however, established the following. First, the probe is not damaged by thermal effects of intravascular argon laser irradiation, including up to 14 W of power for up to 30 sec continuous exposure. Second, the probe improved manual antegrade manipulation of the optical fiber/ guiding catheter by optimally directing it away from branch points and toward target sites. As a result, only one mechanical perforation (in an extremely tortuous LC/LOM system) occurred when ultrasonic imaging was used to assist manipulation of the unit. Third, although arterial tortuosities in our experience did not represent an important source of false-positive stenoses, as reported with the earlier-generation device,8 use of the probe did not guarantee that the most excessive tortuosities could be successfully negotiated. In two cases we were unable to advance the optical fiber! lI-197 guiding catheter through tortuous segments of the RCA and LC/LOM. Fourth, resolution with this probe was consistently adequate to discriminate the catheter from the optical fiber from normal wall on either side of the coronary lumen; in most cases, atherosclerotic plaque, particularly when densely calcified, was easily recognized, including during laser irradiation. Extravascular ultrasonic imaging thus appears to represent a promising means of assisting in manipulation of the optical fiber/guiding catheter. Ultimately it may prove to be useful for both establishing the end point of laser irradiation and allowing the operator to recognize and thereby avoid impending thermal perforation. Although the human cadaver heart appears to be a suitable model in many respects for the continued development of laser angioplasty systems, several disadvantages must be acknowledged. First, this model does not permit evaluation of the long-term arterial response to laser coronary angioplasty, including important issues such as extent of reendothelialization, restenosis, arterial occlusion, and aneurysm or pseudoaneurysm formation. However, observations made in swine and dogs by Gerrity et al. 6 and Abela et al., 33 respectively, suggest that these will not be limiting factors in the application of laser coronary angioplasty for use in humans. What is clearly the limiting factor presentlyarterial perforationcan be very adequately evaluated with this model; when the problem of perforation is resolved, long-term effects of the successful laser angioplasty catheter can then be evaluated in vivo. A second limitation of the model as we have used it does not include a blood-filled intravascular "field." Although this fails to duplicate the ultimate percutaneous situation in vivo, intraoperative use, of course, would presumably not use blood for coronary perfusion unless a blood perfusate were determined to facilitate laser angioplasty. In fact there is no reason that the present model cannot be used with blood rather than saline perfusate. Finally, the postmortem model does not include the challenge of coronary arterial motion that is an obvious aspect of the percutaneous application of this technique in vivo. Like the blood-filled field, motion is not a limiting factor in terms of simulating intraoperative application but would ultimately require evaluation in vivo.
Experience with this postmortem model of laser coronary angioplasty suggests that specific modifications require further consideration if mechanical and thermal perforations are to be eliminated. First, an imaging system, whether intravascular34 35 or extravascular is essential; serial intraoperative coronary angiography is probably not realistic. Second, studies of plaque-wavelength interaction indicate that more precise control and less thermal damage can be achieved by means of a variety of pulsed, high-energy laser wavelengths.36" 37 Application of these results in vitro to the intact coronary vasculature will require development of improved fiberoptic versatility. Third, the capability of traversing the branch points, tortuosities, and acute angulations of the coronary circulationparticularly if laser angioplasty is to be an effective treatment for disease distributed diffusely along the length of the extramural artery demand a low-profile, highly flexible guiding catheter system that nevertheless retains a multiluminal design with a heat-resistant tip.
Use of the postmortem model described here may assist in the development of laser coronary angioplasty for intraoperative use in humans. Even if the intraoperative application of laser coronary angioplasty represented the ultimate role for lasers in the treatment of coronary heart disease, this would constitute an invaluable asset to our present therapeutic armamentarium. It is likely, however, that lessons learned from successful intraoperative application of laser angioplasty will subsequently allow safe and effective use of the laser in a less invasive fashion.
